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The number of essential telomerase components in
the active ribonucleoprotein (RNP) has important
implications for its mechanism of action yet is by
and large unknown. We report that two differentially
taggedTLC1RNAsendogenously expressed in a het-
erozygous diploid and simultaneously detected via
multi-color fluorescence in situ hybridization (FISH)
experiments donot co-localize. Probabilistic calcula-
tions combinedwith direct quantification of FISH sig-
nals demonstrate that the TLC1 RNA indeed occurs
as a single molecule in these RNPs. In addition, two
differentially tagged reverse-transcriptase subunits
could not be co-immunoprecipitated. These results
therefore show that, in yeast cells, telomerase is
assembled and matured and occurs as a monomer
when not on telomeres. Finally, combining these find-
ings with previous evidence leads us to propose that
the enzyme also acts as a monomer when elongating
telomeres.INTRODUCTION
Telomeres are the protecting nucleoprotein structures at eu-
karyotic chromosomal extremities. Minimally, they serve two
functions: first, they must prevent degradation or modification
of chromosome ends by nucleases, which will also prevent
DNA damage signaling that is normally triggered at DNA dou-
ble-strand breaks (DSBs, Palm and de Lange, 2008; Wellinger
and Zakian, 2012). Second, due to the end-replication prob-
lem, telomeric DNA erodes during each DNA replication cycle,
and the gradual loss of telomere function eventually will lead
to a prolonged cell-cycle arrest, dubbed cellular senescence
(Lundblad and Szostak, 1989; Soudet et al., 2014; Wellinger,
2014). Telomerase counterbalances this erosion by adding
telomeric DNA repeats to telomeres, thereby maintaining their
protective function (Lundblad and Szostak, 1989; Artandi and
DePinho, 2010). In humans, an absence of telomerase from
somatic cells is viewed as a tumor-suppressing mechanism
yet contributes to organismal aging. Hence, tight regulation
of telomerase activity is critical for human health in a number
of ways but remains incompletely understood (Artandi and De-
Pinho, 2010; Bernardes de Jesus and Blasco, 2013; Harley
et al., 1990).The telomerase holoenzyme is a reverse-transcriptase ribonu-
cleoprotein (RNP) complex with corresponding subunits found in
all species harboring the enzyme. Core moieties necessary and
sufficient for activity in vitro are the telomerase RNA (called hTR
in humans and TLC1 in yeast) and an enzymatic reverse-tran-
scriptase protein (hTERT and Est2, respectively). Other subunits
that are essential for in vivo activity include recruitment factors,
proteins important for RNP trafficking and stability, as well as
telomerase-RNA-specific stabilizing factors.
Regulation of telomerase activity at telomeres is complex
and includes transcriptional and post-transcriptional controls
(London˜o-Vallejo and Wellinger, 2012). Even the fundamental
question of subunit stoichiometry in the mature RNP remains un-
settled, yet knowledge of this state has important repercussions
for the molecular mechanisms of enzyme action. For example,
evidence obtained with tagged telomerase substrates sug-
gested a functional dimer for the budding-yeast telomerase
RNA, TLC1 (Prescott and Blackburn, 1997). This dimerization
could allow telomerase to act on both replicated sister chroma-
tids in a coordinated fashion, the two RNAs templating for either
telomere (Wenz et al., 2001), and would be consistent with the
fact that telomerase-mediated telomere extension only occurred
after conventional replication of telomeric DNA was complete
(Adams Martin et al., 2000; Diede and Gottschling, 1999; Well-
inger et al., 1993). Alternatively, subunits in a functional dimer
could collaborate by providing a substrate anchor function and
the active elongation function via the two separate enzymes.
Finally, substrate handover mechanisms were discussed in the
context of two RNAs in the active center (Wenz et al., 2001).
However, co-immunoprecipitation experiments with different
wild-type (WT) and mutated forms of the yeast telomerase
RNA failed to support the dimerization hypothesis (Livengood
et al., 2002; Seto et al., 2002), and analyses of in vivo telomere
extension products were more consistent with a monomeric
RNA in the active complex (Chang et al., 2007).
The yeast telomerase RNA is expressed at very low levels,
estimated at less than 30 molecules per cell (Mozdy and Cech,
2006). As a consequence, enzyme-substrate encounters could
vary substantially depending on the number of RNA molecules
the mature RNP contains. It follows that the actual number of
subunits of core telomerase components in the mature RNP
has a critical role for enzyme activity in vivo.
We here focused on deciphering the number of TLC1RNA and
Est2 subunits in the mature yeast telomerase RNP by using
tagged but functional versions of these subunits. The results of
co-immunoprecipitation (coIP) experiments do not support the
existence of multiple RNAs or Est2 proteins in the same RNPCell Reports 12, 441–448, July 21, 2015 ª2015 The Authors 441
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Figure 1. No Evidence for Telomerase RNA
Dimer Co-immunoprecipitation
(A) WT Tlc1 RNA does not co-immunoprecipitate
with Tlc1-MS2. Total cell extracts from TLC1-MS2/
TLC1 diploids (lanes 1–6) or TLC1/TLC1 diploids
(lanes 7–9) expressing the ProA-MS2 protein
(lanes 1–3 and 7–9) or not (lanes 4–6) were sub-
jected to immunoprecipitation with IgG-Sepharose
beads for 4 hr. RNA was obtained from extracts
(Inp), precipitates (IP), or flowthrough fractions (FT)
and analyzed by northern blotting with a TLC1
probe and a U1 RNA probe as control. Due to the
10xMS2 tag, the Tlc1-MS2 RNA is larger than the
WT, as indicated by the arrowheads.
(B) Quantification of the Tlc1 variants signals.
Signals for bands in northern blots as in (A) corre-
sponding to both Tlc1 variants were quantified and
corrected for relative loading. The signal in the
input was chosen as reference and set as 1. Values
are averages of experimental triplicates.
(C) Telomerase activity withstands RNA-IP pro-
cess. Beads obtained from the IP from TLC1-MS2/
TLC1 and WT cell extracts as shown in (A) were
subjected to in vitro telomerase activity assay.
RNA-dependent elongation products of a 50 end
radiolabeled oligonucleotide (primer) were ob-
tained from IP extracts of TLC1-MS2/TLC1 but not
from WT strains. RNase treatment is as indicated.
Abbreviation is as follows: Recov., radio-labeled
oligonucleotide used for precipitation recovery
control.
(D) FLAG-Myc-Est2 and ProA-Est2 do not co-
immunoprecipitate. Native cell extracts from
diploid strains expressing the indicated alleles of
Est2 and either a non-tagged Est1 (lanes 1 and 5)
or a Myc-tagged Est1 (lanes 2–4 and 6–8) were
subjected to immunoprecipitation using IgG
coated beads (left parts of the gels) or anti-FLAG
M2 coated beads (right parts of the gels) for ProA-
Est2 or FLAG-Myc-Est2 immunoprecipitation,
respectively. Immunoprecipitates were analyzed
by western blotting with an anti-ProA Ab (top gel) or an anti-Myc Ab that detects both Myc-tagged Est1 and Est2 proteins (bottom gel). The Myc-Est1 protein
co-immunoprecipitates with both, the ProA-Est2 (lanes 2–4, bottom gel) and the FLAG-Myc-Est2 (lanes 7 and 8, bottom gel), but no FLAG-Myc-Est2 protein is
detectable in the IgG-IP samples (bottom gel, lanes 3 and 4), and no ProA-Est2 signal is visible in the FLAG-IP samples (top gel, lanes 7 and 8). See also Figure S1.particle. More significantly, single molecule, multi-color fluores-
cence in situ hybridizations (FISH) detecting different TLC1 RNA
versions in fixed cells demonstrate that there is only a single RNA
molecule per RNP particle. Since the core RNA and Est2 sub-
units are thought to be the limiting components for telomerase,
and recent data suggest a 1:1 stoichiometric ratio of protein
components (Tucey and Lundblad, 2014), we conclude that
the active yeast telomerase RNP ismonomeric for all its essential
components.
RESULTS
A Single TLC1 RNA and Est2 Subunit per Active
Telomerase RNP Detected In Vitro
We first analyzed a diploid strain (EBD081) in which one of
the two alleles of the TLC1 RNA gene contained a 10xMS2
RNA tag inserted near the 30 end of the gene, called TLC1-
10xMS2. Given the added tag (330 bases) on the RNA, WT442 Cell Reports 12, 441–448, July 21, 2015 ª2015 The Authorsand tagged RNAs are readily distinguished by their different
sizes on northern blots (Figure 1A, lane 1). Previous analyses
showed that the TLC1-10xMS2 allele supports normal telome-
rase RNP biogenesis and in vivo telomerase activity (Gallardo
et al., 2008, 2011). In addition, telomeres in EBD081 cells
(TLC1-10xMS2/TLC1) are stable and comparable in length to
those in WT strain EBD084 (TLC1/TLC1) (Figure S1A). In order
to be able to immunopurify telomerase RNPs, a Protein A-MS2
(ProA-MS2) fusion protein that can bind with high affinity
and high specificity to the MS2 RNA tag sequence was ex-
pressed from an inducible GAL1 promoter in the same cells
(Figure S1B). Thus, immunoprecipitation (IP) of the MS2-
tagged TLC1 RNA via immunoglobulin G (IgG)-Sepharose
beads was controlled by the carbon source in the media:
with raffinose, cells expressed very little ProA-MS2 and
TLC1-10xMS2 RNA could not be detected by northern blotting
of the RNA found in the IPs, while galactose-induced expres-
sion of ProA-MS2 allowed a pull-down of an average 42% of
the total TLC1-10xMS2 RNA (Figures 1A, lane 2, and 1B). How-
ever, despite the presence of slightly more WT TLC1 RNA than
TLC1-10xMS2 RNA in total RNA derived from the EBD081 cells
(Figure 1A, lane 1 input), no WT TLC1 RNA was detectable in
the IP (<5%; Figures 1A, lane 2, 1B), and virtually all of this
RNA ended up in the flowthrough fraction (Figures 1A and
1B). Telomerase RNP integrity was assessed by performing
telomerase enzymatic activity with the IP fractions (Figure 1C).
Collectively, these results are inconsistent with the hypothesis
that WT TLC1 and TLC1-10xMS2 RNAs coexist in the telome-
rase holoenzyme RNP.
On the other hand, several reverse-transcriptase Est2 sub-
units could be associated with one single TLC1 RNA. Hence,
we asked whether two tagged Est2 subunits could be co-
immunoprecipitated as heterodimer. We used a heterozygous
diploid expressing a well-characterized ProA-Est2 fusion
protein (Friedman and Cech, 1999), and the second protein
contains 12 repeats of the Myc peptide as well as three repeats
of the FLAG peptide as tag (FLAG3-Myc12-Est2; Tucey and
Lundblad, 2013). Both versions are endogenously expressed
at the EST2 locus, and the final diploid strain also contained
a 13xMyc-tagged Est1 protein as IP recovery control. Expres-
sion of the fusion proteins was first verified by whole-cell
extract western blotting that showed that the Myc-tagged
Est2 proteins were expressed in the corresponding strains
and the expected strains expressed the Myc-Est1 protein
(Figure S1C). Analyses of telomeric phenotypes in these
strains showed stable maintenance of only slightly shorter telo-
meres, indicating functional telomerase (Figure S1D). For co-
immunoprecipitation experiments, cell extracts were prepared
by a freezer-mill grinding procedure using strains EBD201
(ProA-Est2/ProA-Est2; Est1 untagged), EBD210 (ProA-Est2/
ProA-Est2, Myc-Est1), EBD211 (ProA-Est2/FLAG-Myc-Est2,
Myc-Est1), and EBD213 (FLAG-Myc-Est2/FLAG-Myc-Est2;
Myc-Est1). ProA-tagged Est2 protein was pulled down by
IgG-covered beads and in parallel, the FLAG-Myc-tagged
Est2 protein was recovered with anti-FLAG antibody coupled-
beads. These IP fractions were then analyzed via western blots
using an anti-ProA antibody or an anti-Myc antibody (Figure 1D).
In all IPs from extracts harboring ProA-Est2, this protein is
readily detected with the anti-ProA antibody (Figure 1D, upper
panel lanes 1–3), and the converse is true for the FLAG IP west-
ern probed with the anti-Myc antibody (Figure 1D, lower panel
lanes 7 and 8). In addition, the IP fractions from extracts of the
heterozygous diploid EBD211 revealed about the same amount
of co-immunoprecipitating Est1 for both the IgG-IP and anti-
FLAG-IP experiments (Figure 1D lower panel lanes 3 and 7).
However, neither IP yielded a detectable signal for the other
tagged Est2 protein (Figure 1D, upper panel lane 7; lower panel
lane 3). Integrity of the telomerase RNP in IP extracts again was
tested by telomerase activity assays, which showed that the
enzyme was not disrupted in the process (Figure S1E). These
results reveal that even though the telomerase RNP withstands
our IP conditions, as shown by the coIP of Myc-Est1 and the
telomerase activity assays, Est2 subunits with different tags
could not be found together in the IP. Thus, they either do
not interact stably enough to be enriched by IP, or each telome-
rase RNP contains only one tagged Est2 molecule.A Single TLC1 RNA per Telomerase RNP In Vivo
Given possible ambiguities associated with negative results
when using in vitro coIP approaches, we set to analyze the num-
ber of TLC1 RNA molecules in the telomerase RNP in vivo via
quantitative multi-color FISH approaches (Trcek et al., 2012;
Zenklusen et al., 2008; Zenklusen and Singer, 2010). In order to
detect different versions of the RNA, we used two RNAs carrying
different tags: one carried the above-mentioned 10xMS2 tag,
and the other contained 24 copies of the phage PP7 tag (Chao
et al., 2008); both were inserted at the same site close to the 30
end of the RNA (TLC1-10xMS2 and TLC1-24xPP7 alleles, see
below). As a positive control, we also constructed an allele that
contained both tags on the same gene in tandem, and this allele
is expressed from a plasmid (pTLC1-10xMS2-24xPP7, see Fig-
ure 2A). The TLC1-10xMS2-24xPP7 allele complements a dele-
tion of TLC1, yielding shorter but stable telomeres in a haploid
strain relying solely on this construct (Figure S2). We analyzed
FISH probe localization in strains harboring this latter construct
where the probe specific for the MS2 tag carried a Cy3 fluoro-
phore and the probe specific for the PP7 tag a Cy3.5 fluorophore
(Figure 2). As expected, the vast majority of spots detected for
one fluorophore was also seen with the other fluorophore: 80%
of MS2 spots co-localized with a PP7 spot; 83% of PP7 spots
with an MS2 (Figures 2B and 2C). This efficiency of detection of
co-localizing signal is high enough (>80%) such that low level
artifactual losses of one or the other signal should not interfere
with our interpretations. These results therefore indicate that
TLC1 RNA detection via FISH and using specific probes against
the tags is very efficient with both probes. It follows that this tech-
nique can detect co-localizing RNAs, if existing.
Next, we analyzed co-localization frequencies of the two differ-
ently tagged TLC1 RNAs (TLC1-10xMS2 and TLC1-24xPP7) co-
expressed in a heterozygous diploid (Figure 3A). As controls, we
used diploids only expressing one or the other allele. Telomeres
in these cells are slightly shorter than inWT/WT diploids, but their
lengthsarestable for at least 110generations (FigureS3A). For the
co-localization analyses, it was important to assess that both
RNAs were detected by our FISH protocol at comparable levels.
Indeed, there were on average 3.8 TLC1-24xPP7 foci plus 3.4
TLC1-10xMS2 foci per single nucleus in the cell population (Fig-
ure 3B). Corrected for signal background detected for each RNA
in homozygous diploids, the valuescorrespond to about 3.2 spots
detected for each RNA in the heterozygous diploid, indicating
that, as assessed by FISH, the two RNA versions are expressed
at approximately equal levels. The same analysis performed on
homozygous diploids only expressing one or the other version
of the RNA showed that there is very little cross-detection of the
probes (Figures 3B and 3C, top and middle rows).
We thus tallied Cy3.5, Cy3, and co-localizing spots in the
diploid cells endogenously expressing both TLC1 alleles. Each
nucleus was classified depending on the number of individual
spots of each color observed. As expected from the numbers
derived from the analyses of whole cells above (Figure 3B), nuclei
with two to three spots each were most abundant (Figure S3B).
Raw images of such cells suggest only rare co-localization of the
two colors (Figure 3C, bottom row), andwe compared our obser-
vations to a statistical probability model for co-localization of the
two colors for one RNA/spot and for a two RNAs/spot scenario. IfCell Reports 12, 441–448, July 21, 2015 ª2015 The Authors 443
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Figure 2. FISH Efficiency Is >80% for
10xMS2 and 24xPP7 Tags on TLC1 RNA
(A) Experimental design for co-localization effi-
ciency quantification. The used strain expresses a
double-tagged TLC1-MS2-PP7 RNA from a
plasmid. MS2 and PP7 probes were conjugated to
Cy3 and Cy3.5 fluorophores, respectively.
(B) Fluorophore co-localization for the double-
tagged RNA is >80%. TLC1-MS2-PP7 RNA-ex-
pressing cells were fixed and subjected to FISH,
and co-localization of MS2 and PP7 signals was
quantified by the Spot Detection algorithm of
Imaris 7 software. Data are represented as a
Venn diagram, showing that 626 MS2 foci
(red circle) and 654 PP7 foci (green circle) were
acquired. Of these two populations, 522 were
co-localized (yellow intersection of the circles),
representing 83% and 80% of the MS2 and PP7
foci populations, respectively (>330 cells were
analyzed in experimental and biological dupli-
cates).
(C) Representative images of WT and WT+pTLC1-
10xMS2-24xPP7 strains. Upper row: WT; lower
row: WT +pTLC1-MS2-PP7. DAPI: total nuclear
DNA. Cy3 and Cy3.5 channels respectively reveal
MS2 and PP7 probes. Merge: overlay of MS2-Cy3
and PP7-Cy3.5 channels. Co-localization appears
as yellow foci. Scale bar, 2 mm.
See also Figure S2.there was only one telomerase RNA molecule in the RNP, each
of these TLC1 RNAs should behave independently from each
other and be subjected to Brownian diffusive movement. This
assumption means that all RNAs should fall on a random distri-
bution pattern in the nuclei. For example, in nuclei with three
spots each per color, the calculated probabilities for observing
zero, one, or two co-localizing spots for the one RNA/spot
scenario are 87.6%, 11.9%, and 0.5%, respectively (Figure 3D).
In contrast, the calculated probabilities considering a two RNAs/
spot scenario predict 2.3%, 22.5%, and 54.1% cells with zero,
one, and two co-localizing spots and even a significant 21%cells
with three co-localizing spots (Figure 3D). The actual observa-
tions show that 87.7% of such nuclei had no co-localizing foci,
10.5% had one, and 1.8% had two and no instance of three
co-localizations were found in 57 observed nuclei (Figure 3D,
bottom). Indeed, all comparisons of calculated expected co-lo-
calizations for the one RNA/spot and two RNAs/spot hypotheses
with actual observed co-localizations in any combination of
numbers for different spot colors and for which at least 50 nuclei
were scored, yielded an identical result: the observations very
closely match the predictions for the one RNA/spot scenario
and are completely incompatible with a two RNAs/spot model
(Figure S3B; Table S1). Further consistent with the one RNA/
spot hypothesis, a z stack 3D analysis of selected nuclei with
apparently co-localizing spots revealed that the two signals
can be resolved into individual, well-separated, Cy3.5 and Cy3
spots (Figure S3C). Therefore, if the two TLC1 RNAs expressed
from the two allelic loci do behave independently of each other,
these results demonstrate that exactly one RNAmolecule is pre-
sent in each observed focus or telomerase RNP.444 Cell Reports 12, 441–448, July 21, 2015 ª2015 The AuthorsThe only caveat for the above observations would be if the two
tagged RNAs in our experiments did not behave in an indepen-
dent fashion. Specifically, the results could also be explained
in the context of the two RNAs/spot model if the tagged TLC1-
24xPP7 RNA preferentially associated with itself and the TLC1-
10xMS2 also had a high prevalence for association with itself.
In this particular case, the co-localizing spots observed in the
previous experiments would represent the rarer heterodimers
containing one RNA each and/or chance co-localization of two
homodimers. We resorted to quantifying signal intensities for
each spot observed because this described caveat predicts
different intensity plots for the two situations (Figure 4A). If the
spots represent RNPs with a single RNA, then the measured in-
tensity of the spots observed should fall on a Gaussian curve
centered over intensity i of one single RNA, with a small shoulder
for 2i intensities. This latter shoulder would be caused by the rare
chance co-localization spots (Figure 4A). However, if there are
two RNAs in each observed spot, then the major Gaussian curve
should be centered over the 2i intensity and have a shoulder
for intensity i, caused by RNPs, which contain only one RNA
for the specific probe, representing rare chance heterodimers.
We thus recorded signal intensities of foci detected in heterozy-
gous diploid cells expressing TLC1WTand TLC1-24xPP7RNAs,
using the PP7 oligo probe (Figure 4B). The data yield a very reg-
ular and homogenous intensity plot that fits a Gaussian curve
model, whereas in a WT/WT diploid, virtually no such spots are
detected (Figure 4B). Thus, the random chance co-localizations
for the one RNA/spot model or the heterodimer spots in the two
RNA/spot model appear too rare to yield a reliable shoulder indi-
cation. In turn, the data indicate that the recorded intensities
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Figure 3. Two-Color FISH on Differentially
Tagged RNAs Fails to Reveal Co-locali-
zation
(A) Experimental design for the TLC1 FISH co-
localization assay.
(B) MS2 and PP7 foci do not significantly co-
localize in TLC1-MS2/TLC1-PP7 strains. Average
number of foci for each TLC1 species on a per-cell
basis in different diploid strains as indicated.
Expression levels of TLC1-PP7 (green bars) and
TLC1-MS2 (red bars) appear similar in the het-
erozygous strain (3.8 TLC1-PP7 versus 3.4 TLC1-
MS2). Measurements for each RNA population
were carried out with the Columbus image anal-
ysis software (>90 cells for homozygous strains,
and >190 cells for TLC1-MS2/TLC1-PP7 strains,
all in biological and experimental duplicates).
(C) Representative pictures of TLC1-PP7/TLC1-
PP7, TLC1-MS2/TLC1-MS2, and TLC1-MS2/
TLC1-PP7 cells (upper, middle, and lower row,
respectively). DAPI staining shows nuclear DNA,
while Cy3 and Cy3.5 channels reveal MS2 and PP7
probes, respectively. Only the heterozygous strain
shows foci in both channels. Merge: overlay of Cy3
and Cy3.5 channels. Scale bar, 2 mm.
(D) Observed co-localization frequencies match
the single RNA model expectations. Comparison
of theoretical expectations and experimental ob-
servations of TLC1-MS2 and TLC1-PP7 co-locali-
zation in the case of a cell showing three foci in
each fluorophore channel are shown.
See also Figure S3 and Table S1.for all spots are very homogenuous, suggesting only one single
form of RNP. In order to obtain an absolute determination for
how many molecules are represented by the Gaussian curve
observed, we introduced the TLC1-24xPP7 RNA expressing
construct into cells also expressing a doubly tagged MDN1
gene (Figure 4C; Hocine et al., 2013; Zenklusen et al., 2008). In
this construct, the MDN1 mRNA carries a 24xPP7 tag in its
50 UTR and a 24xMS2 tag in its 30 UTR, a version called PP7-
MDN1-MS2 mRNA. Previous absolute quantification of fluores-
cent signals from this allele showed that the PP7-MDN1-MS2
mRNAs exist as single RNAs (Hocine et al., 2013). Given that
the PP7 tag used in the PP7-MDN1-MS2 mRNA is identical
to the one we engineered into the TLC1-24xPP7 RNA, we used
the intensity for the PP7 probe from the PP7-MDN1-MS2
RNA as the single RNA reference in our experiments. In a strain
expressing only the PP7-MDN1-MS2 mRNA, a fraction of PP7
foci did not co-localize with an MS2 spot, suggesting that theCell Reports 12, 441–RNAwas subject to exonucleolytic degra-
dation or incomplete hybridization. This
was considered as MDN1-specific back-
ground and these spots were subtracted
in all strains. The absolute signal inten-
sities of PP7-spots determined in cells
expressing either the PP7-MDN1-MS2
mRNA or the TLC1-24xPP7 RNA alone
already were not statistically different
(compare stippled red curve in Figure 4Cwith green curve in Figure 4B). The slight difference between
the peak values of these curves could easily be due to inter-
experimental variations, and, in order to eliminate those, we
acquired absolute PP7 hybridization signal intensities in
cells expressing both the TLC1-24xPP7 RNA and the PP7-
MDN1-MS2 mRNA at the same time. The identity of the RNA
responsible for each specific PP7 signal was determined by
MS2 co-localization: if there is a co-localizing MS2 spot, the
PP7 signal intensity must come from the PP7-MDN1-MS2
mRNA and is considered as reflecting a single RNA (Figure 4C,
red curve). By extension, we considered all non-co-localizing
PP7 signals as reflecting TLC1-24xPP7 molecules (Figure 4C,
green curve). Both curves fit a Gaussian model (R2 = 0.99 for
TLC1-24xPP7 and 0.92 for PP7-MDN1-MS2 mRNA) and have
very comparable mean peak intensities (32.9 and 29.5). These
results demonstrate that the signal intensities acquired for
the foci in Figure 4B correspond to intensities generated by448, July 21, 2015 ª2015 The Authors 445
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Figure 4. Quantitative FISH Signal of TLC1-
PP7 RNA Corresponds to One RNA per
Focus
(A) Schematic of the rationale for TLC1 foci in-
tensity measurement. Left panel: if telomerase
contains a single Tlc1 RNA, each focus represents
an independent RNA and thus should be detected
as signal intensity i, and all foci intensities should
fit a single Gaussian curve centered on a popula-
tion average intensity i (left light blue Gaussian
curve s). Chance co-localization would appear as a
small population of 2i intensity (right light blue
Gaussian d). Right panel: if telomerase contains
two Tc1 RNAs, then each visible focus contains
two tagged RNAs. The majority of foci would thus
be detected at signal intensity 2i (right light blue
Gaussian d), while a smaller heterodimeric popu-
lation of foci would score signal intensity i (left light
blue Gaussian s). For both panels, dark-blue
outline shows the expected resulting distribution
for whole populations.
(B) TLC1 foci intensity quantifications show only
one population. Left panel shows representative
pictures from WT and heterozygous TLC1/TLC1-
PP7 strains (upper and lower row, respectively)
hybridized with a PP7-Cy3.5 probe. Scale bar,
5 mm. Right graph depicts total cellular focus in-
tensity distribution relative to their frequency of
occurrence. Signal emitted by fluorescent foci
were measured by Columbus software analysis.
Distribution fits a single Gaussian curve (dis-
continued light-gray line) with a correlation coeffi-
cient R2 = 0.991. Curve fit has a mean intensity of
38.0, a SD of 14.0, and 95% confidence interval of
the mean (95% confidence interval [CI]) between
36.6 and 39.4 (signal intensity a.u.s). Curve fitting
was applied to intensities between 15 and 90 to
avoid skewing of the Gaussian curve toward
weakest spots, which might reflect degradation
products. (>700 spots were measured on experi-
mental duplicates.)
(C) The detected TLC1-PP7 signal intensity corre-
sponds to one RNA. Left panel depicts the tagged
RNA constructs used. Right panel shows distri-
bution of the number of foci relative to their signal
intensity. Red lines correspond to PP7 signal in-
tensity in foci that all also have an MS2 co-localizing signal, thus indicating that the PP7 signal must come from the PP7-MDN1-MS2mRNA. Stippled red, cells
expressed the PP7-MDN1-MS2 mRNA only, and no tagged TLC1 RNA; plain red, cells expressed the PP7-MDN1-MS2 and the TLC1-PP7 RNAs. Green line
shows intensity distribution of foci with PP7 signals only in the strain that expressed both the PP7-MDN1-MS2 mRNA and the TLC1-PP7 RNA as PP7-tagged
RNAs. Only one TLC1-PP7 RNA population emerges and it can be fitted to a single Gaussian curve (R2 = 0.990), with an average intensity of 32.9 AU (SD 16.4;
95%CI, 30.8–35.1; n > 200 cells in each of three experimental replicates). Bottom panel shows representative pictures of cells expressing PP7-MDN1-MS2 RNA
as the only tagged RNA (upper row), and cells expressing the TLC1-PP7 RNA and the PP7-MDN1-MS2 RNA at the same time (lower row). DAPI staining shows
stained DNA, while Cy5 and Cy3.5 channels respectively reveal MS2 and PP7 probes. Arrow 1 points to a PP7/MS2 co-localizing focus, representing a complete
PP7-MDN1-MS2 RNA. Arrow 2 points toward a strong nuclear PP7-only focus, representing anMDN1 transcription site, consistent with Zenklusen et al. (2008).
Arrow 3 points to a nuclear average intensity focus, representing either an incomplete PP7-MDN1-MS2 mRNA or a TLC1-PP7 RNA. Scale bar, 5 mm.hybridization of the probe to one molecule. Hence, given that the
rare observations of two TLC1RNAs co-localizing most likely are
due to chance overlays of signals (Figure 3D; Figure S3C), the
telomerase RNP contains one TLC1 RNA molecule in vivo.
DISCUSSION
The results presented here demonstrate that there is only a
single RNA moiety in the mature yeast telomerase RNP in vivo.446 Cell Reports 12, 441–448, July 21, 2015 ª2015 The AuthorsThe co-immunoprecipitation results (Figure 1) with a tagged
and fully functional RNA in combination with a WT RNA are in
agreement with previous data that involved mutated forms (Liv-
engood et al., 2002; Seto et al., 2002). Very similar results were
obtained with differentially tagged Est2 proteins co-expressed
in the same cells. With the caveat that telomerase activity recov-
ered from the IPs and observed in vitro was generated by aminor
fraction of undetectable dimers, these results suggest a mono-
meric catalytic center of telomerase.
In order to obtain a more direct determination of the number of
telomerase RNAs in the RNP in vivo, we resorted to quantitative
multi-color FISH. In this approach, the cell’s architecture is main-
tained by rapid fixing and it avoids pitfalls associated with ex-
tracts and immunopurifications (Larson et al., 2009; Rahman
and Zenklusen, 2013). Collectively, the results obtained conclu-
sively establish that, barring events that occur at too low a fre-
quency to be detected, in yeast there is only a single population
of telomerase RNPs that contains exactly one RNA. In essence,
these data demonstrate that the yeast telomerase RNA is ex-
pressed, matured and the telomerase RNP is assembled as a
monomer. Our data cannot completely exclude the possibility
that telomerase will multimerize in a specific fashion only once
on its substrate in vivo. However, on telomeres that are longer
than 125 bp, telomerase dissociates and reassociates in a single
S-phase and the enzyme acts in a non-processive fashion
(Chang et al., 2007). Therefore, for telomerase-mediated telo-
mere extension of telomeres longer than 125 bp, the evidence
from enzyme behavior in vivo speaks against functional dimer-
or multimer formation, consistent with our results here. Never-
theless, for telomeres that are shorter than 125 bp at elongation
initiation, a limited repeat addition processivity of telomerase has
been observed (Chang et al., 2007), and it could be argued that
a multi-enzyme complex could be involved in it. This hypothesis
was previously tested via the introduction of two TLC1RNAs that
differed slightly in their templating sequences. The sequence
change of the mutant was well tolerated in cells and individual
telomere sequencing allowed an assessment of how the two
types of telomeric repeats were added (Chang et al., 2007). As
mentioned above, a multimerization that is important for proces-
sivity is expected to have consequences for how the templates
of the implicated RNAs are used. In a dimer, for example, a tem-
plate handover mechanism predicts either complete uniform
sequences of one type of repeats or strictly alternating repeats,
depending on the RNA forms in the dimer. Other possibilities
exist, but the actual results did not reveal any identifiable regular
patterns of repeat incorporation and thus cannot easily be recon-
ciled with models of functional telomerase multimerization
(Chang et al., 2007).
Thus, considering all results derived from in vivo situations, the
budding-yeast telomerase RNP always contains only one RNA
moiety. The altered behavior of telomerase on critically short
telomeres (<150 bp) may be a consequence of the environment
andmechanisms that are associated with the occurrences of the
very short telomeres, but not reflect a change in RNP composi-
tion. Probabilistic calculations strongly suggest that it is very
unlikely that progressive telomere attrition due to the end-repli-
cation problem leads to critically short telomeres (Chang et al.,
2007). Our proposal concurs with the idea that critically short
telomeres are caused by catastrophic shortening events that
trigger an ATM/Tel1 dependent response (Chang et al., 2007).
The downstream targets of the phosphorylation cascade are
not all known yet but include capping proteins such as Cdc13
(Tseng et al., 2006), and therefore telomerase recruitment to
these telomeres may be enhanced, allowing for more efficient
turnover during extension. These speculations predict that telo-
merase-mediated addition of telomeric repeats to chromosome
ends is dependent on the local environment of the specific end itis associated with. An environment with many highly phosphor-
ylated proteins at a dramatically shortened telomere may allow
for a stable association of multiple monomeric telomerase
RNPs and thus be conducive for several rounds of templating
and elongation. At longer telomeres that were not affected by a
DNA replication problem, only few extension events are needed,
which is indeed what was observed in vivo (Chang et al., 2007;
Teixeira et al., 2004).
While the ciliate telomerase RNP most likely also contains a
single RNA moiety (Bryan et al., 2003), this question is being
actively debated for the mammalian holoenzyme. Given the dif-
ficulties with indirect biochemical approaches, the issue of holo-
enzyme composition may need new and conclusive approaches
such as those described here.
EXPERIMENTAL PROCEDURES
Details on yeast strain constructions, genotypes, plasmids, cell-culture condi-
tions as well as general biochemistry protocols can be found in the Supple-
mental Information.
FISH
Cell fixation and hybridization procedures were according to previously
published methods (Gallardo et al., 2008; Trcek et al., 2012). Fluorophores
used were Cy3 and Cy3.5 (GE Healthcare), and aminoallyl-modified oligonu-
cleotides (IDT) used for hybridization can be found in Table S4. Probe labeling
efficiency was always verified to be >90% before use.
Microscopy and Image Acquisition
Pictures were acquired with a Zeiss mRm Axiocam mounted on an Axio
Observer Z1 inverse microscope, using Zen 2012 Software (Zeiss). Zeiss
Colibri LEDs 380 nm (DAPI) and X-cite Arc lamp (Cy3 and Cy3.5) were used
in combination with filters 62HE (Zeiss), SP-102v1 (Chroma Technology),
SP-103v1 (Chroma Technology), to illuminate DAPI, Cy3, and Cy3.5 fluoro-
phores, respectively. Exposure times were 65 ms for DAPI and 2.5 s for Cy3
and Cy3.5. Acquisition of z stacks spanning 2.2 mm with steps of 200 nm
were z projected to facilitate data handling and analysis. For figure clarity, pic-
ture channel contrast was modified to show nucleus or foci signal. In each
figure, all shown images were equally modified in each channel.
Picture Analysis
Co-localization analyses were done with an evaluation version of the software
Imaris 7 (Bitplane). Detection of nuclei and cytoplasmwas based on DAPI fluo-
rescence in the cell detection pipeline, and the spot detection pipeline was
used to detect Cy3 and Cy3.5 foci. Co-localization of Cy3 and Cy3.5 spots
is a MATLAB-compiled Imaris extension kindly provided in the evaluation
version by Bitplane and was set to accept foci as co-localizing if closer than
0.15 mm, which corresponds to the radius of a focus. This co-localization
threshold was used because it detected >80% co-localization in a pTLC1-
MS2-PP7 signal verification experiment (Figure 3). Foci signal intensity was
determined with Columbus software (PerkinElmer) via a batch analysis.
Maximum intensity for each measured foci was gathered in Excel (Microsoft),
and plotted in GraphPad 6 (Prism).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.06.045.
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